The Rb/E2F pathway plays a central role in regulating cell-fate decisions and cell-cycle progression. The E2F1 protein, a major effector of the pathway, is regulated via a combination of transcriptional, translational and posttranslational constraints. Elucidating the regulation and impact of the Rb/E2F pathway requires direct measurement of E2F1 dynamics in single cells.
Introduction
E2Fs are a family of transcription factors that orchestrate the traverse of the G 1 /S and G 2 /M phases of the cell cycle by regulating the expression of critical genes promoting proper cell cycle progression (Fischer and Müller 2017; Bertoli, Skotheim, and de Bruin 2013; Ren et al. 2002) . This family of transcription factors has been subdivided into both activators (E2F1-E2F3a) and repressors (E2F3b, E2F4-E2F8) (van den Heuvel and Dyson 2008) . Rb, a member of the pocket protein family negatively regulates the function of E2F activators by directly binding to them in a cell cycle-dependent manner (Henley and Dick 2012) . Its inhibition is specifically relieved during the G1 phase through hyper-phosphorylation by G 1 cyclins /CDK complexes (Sherr and Roberts 2004; Henley and Dick 2012) Loss of Rb or deregulation of targets of E2F transcription factors have been associated with numerous human malignancies, highlighting the importance of this pathway in cell cycle regulation and disease (Chen, Tsai, and Leone 2009 ) .
To better understand how the dynamics of activation of the Rb/E2F pathway correlate with quiescence and proliferation of cells exposed to growth stimuli, we had developed two reporters that captured the transcriptional activation of E2F1 and E2F activity respectively (Dong et al. 2014 (Dong et al. , 2018 . However, E2Fs are further regulated at the post-translational level, resulting in dynamically regulated amounts of those proteins during the cell cycle. Although this aspect of E2F1 expression was reflected by the behavior of the E2F activity reporter, it fell short of providing a comprehensive and direct picture of the dynamic changes in E2F1 protein in a single cell. As the overall balance of E2F repressors to activators can affect cellular outcomes (e.g., proliferation, differentiation, senescence, or apoptosis (Dimova and Dyson 2005; Dimri, Itahana, and Acosta 2000) ), there was a need to complement our existing reporters with a third reporter construct which would emulate the specific behavior of the E2F1 protein under various conditions.
Results

Design rationale of the E2F1 protein reporter constructs
Building on our experience with our two previous reporters (Fig 1A) , we defined a set of criteria for the E2F1 protein reporter: 1) it should be subject to the same transcriptional regulation as the endogenous E2F1 gene, as was the case for our earlier reporters (Dong et al. 2014 (Dong et al. , 2018 ; 2) the influence of the E2F1 3'UTR on the expression of the reporter protein should be evaluated, as this region is targeted by miRNAs shown to regulate the levels of E2F1 protein (O'Donnell et al. 2005; Pickering, Stadler, and Kowalik 2009) ; 3) ectopic expression of the reporter protein should not perturb the overall E2F activity in a cell to avoid altering the balance between EF2 activators and repressors that dictate different cell fate decisions (Iaquinta and Lees 2007; Poppy Roworth, Ghari, and La Thangue 2015) and 4)tThe reporter protein should be fluorescent for purpose of live detection and contain all E2F1 residues known to be subject of post-translational modification, to maximize our ability to capture the dynamic expression of E2F1 under different experimental conditions (Poppy Roworth, Ghari, and La Thangue 2015) .
To satisfy these criteria, we decided to use the previously validated mouse or human E2F1 promoter (Dong et al. 2014 (Dong et al. , 2018 and include or omit the E2F1 3'UTR region in our constructs (Fig. 1B) . In addition, the E2F1 protein reporter constructs were designed to encode a fusion protein (E2 V F1) of 686 amino acids (a.a.) (Fig. 1C) , consisting of the N-terminal region of human E2F1 (a.a. 1-152) fused to the fluorescent protein Venus flanked at either end with a flexible peptide linker, and followed by the rest of the E2F1 C-terminal region (a.a. 175-437). In the process, a small region of E2F1 corresponding to the winged-helix DNA binding domain was deleted (a.a. 152-174), with the intent of preventing the reporter protein to be transcriptionally active (Zheng et al. 1999) ). Other than the deleted residues, which have not been described to be targeted by post-translational modifications, E2 V F1 retains all E2F1 residues reported targeted for post-translational regulation during the cell cycle or in response to stress conditions ( Fig. 1C) (Munro, Carr, and La Thangue 2012) .
Expression of the E2 V
F1 fusion protein
Viral stocks corresponding to our constructs were used to infect rat and human fibroblasts ( Fig. 2A and 2B , respectively) or human mammary epithelial cells (Fig. 2C ). After selection in puromycin, polyclonal populations were either used directly or subjected to limiting dilution to isolate single cell clones. In all cases, expression of the reporter protein was detected in the form of two bands, which were absent in uninfected cells (Fig. 2) . The top band corresponds to the expected size of the fusion protein (686 a.a., ~73 kDa). As the observed difference in migration (~19 kDa) is too large to be caused by post-translational modifications, the lower, the lower band likely represents a truncation product of the mature form. However, we cannot rule out that it corresponds to the translation product of E2 V F1 at an internal start site, perhaps at the initiating methionine codon of Venus which, together with the surrounding nucleotides, conforms to a strong Kozak consensus sequence (Kozak 1987 (Fig. 3) . A stronger signal was observed in cells transduced with the construct lacking the 3'UTR (Sup Fig. 2) , consistent with the higher steady-state amounts of E2 V F1 associated with this construct ( Figure 2A ). As is the case for E2F1 (Magae et al. 1996; Allen et al. 1997; Ivanova, Vespa, and Dagnino 2007) , localization of the fluorescent signal corresponding to E2 V F1 is largely restricted to the nucleus (Fig. 3) . The cell-to-cell variability in the E2 V F1 signal in unsynchronized clone 8 cells reflects the dynamic modulation of protein expression during the cell cycle (Fig. 3A ).
Dynamic expression of E2 V F1 during the cell cycle
To quantify the temporal dynamics of E2 V F1 during the cell cycle, we initially focused on REF52 E2vF1 clone 8 cells as they expressed the strongest signal ( 
2014) ).
As the version of the protein reporter in clone 8 cells lacked the 3'UTR of the E2F1 gene and expressed a higher level of E2 V F1 protein ( Fig. 2A) , it was possible that some aspect(s) of E2F1 protein regulation might not be properly represented with this reporter. In addition, there was the potential that ectopic expression of E2 V F1 might alter the balance of complex formation between Rb and E2F1 in a cell and thereby affect our measurements (Hofmann et al. 1996; Campanero and Flemington 1997) . To examine these possibilities, and also calibrate our protein reporter against an E2F activity reporter (E2F act ) that we had recently characterized (Dong et al. 2018) , we took advantage of a human mammary epithelial cell (h-Tert HME E2Fact )
clone P1 that we had recently derived. We generated Rb-derivatives of this cell clone using CRISPR-Cas9 editing (HME E2Fact , Rb-), and selected a single cell clone for the rest of our experiments (clone 0). We then introduced the E2 V F1-3'UTR reporter construct, driven by the human E2F1 promoter (Fig. 1B) as described earlier for REF52 clone 8 cells. In both HME H4 and R15 cells, the E2 V F1 signal dynamics followed roughly the same kinetics as that observed in cells expressing the E2 V F1
reporter lacking the 3'UTR (Fig. 4) . However, in several cases, we noticed a slightly more complex dynamic behavior as revealed by a bi-phasic or non-monotonic increase of E2 V F1
intensity before reaching its maximum amplitude. Furthermore, the signal returned to basal levels a bit sooner before cell division in cells expressing the reporter containing the 3'UTR, consistent with the idea that miRNAs specifically induced by c-myc and E2F1 bind the 3'UTR of the E2F1 gene to help sharpen the reduction of E2F1 protein before cell division (O'Donnell et al. 2005) . Although there were no drastic differences in the kinetics of E2 V F1 expression in HME H4 cells that lacked Rb, the overall intensity of the signal was reduced in these cells compared to single Rb+ R15 cells, despite the fact that unsynchronized and proliferating cells in the two clones express similar steady-state amount of E2 V F1 protein as detected by immunoblotting (Fig. 5) .
The overall kinetics of the E2F act and E2 V F1 reporters appear to track well during the cell cycle, although there are some differences. As we had noticed in our previous study (Dong et al. 2018 ) , a strong signal from the E2F act reporter can persist in cells at the time of cell division ( Fig.   6 , and data not shown), although its amplitude eventually decreases in daughter cells before it rises again. In contrast, the E2 V F1 signal always returns to basal or low levels before cells undergo mitosis. Lastly, there is no strict correlation between the maximum amplitude values observed for the E2F act and the E2 V F1 reporters. This is likely due to the fact that the E2F act reporter informs on the net activity of all E2F activators in the cell, whereas the E2 V F1-3'UTR reporter is specific to E2F1 protein expression.
Discussion
Over the last few years, we have assembled a versatile tool-set of reporters that inform on the kinetics of activation of E2F1 at the level of transcription, functional activity and now protein expression in live cells. These reporters can be followed in tandem (Venus vs. mCherry), which gives a unique opportunity to uncover more complex rules of regulation that cannot be captured by one reporter alone. So far, we have characterized and validated them in the context of cell proliferation, but they could be equally informative in studying the behavior and role of E2F1 in apoptosis, differentiation, and metabolism (Blanchet et al. 2011; Shats et al. 2017; Iaquinta and Lees 2007) .
Our most recent E2F1 reporters, which capture the dynamic expression of E2F1 protein, may offer the most information as they reflect different levels of regulation. The reporter constructs are under the control of the mouse or human E2F1 proximal promoter (Dong et al. 2014) , and also differ in including or excluding the E2F1 3'UTR. They encode a fluorescent fusion protein (E2 V F1) (Fig. 2) , consisting of Venus embedded within the coding region of E2F1, which is detected as a doublet, with the top band corresponding to the expected size for the fusion protein.
To avoid disrupting the balance between functional E2F activators and repressors in cells that ectopically expressed E2 V F1, the winged-helix DNA binding domain of E2F1 was deleted and replaced with Venus. The fact that this domain is equivalent to a region in E2F4 shown to make critical contacts with DNA (Zheng et al. 1999) , and that the E2F1 R166H mutation, which resides in the corresponding region of E2F1 abrogate DNA binding by mutant E2F1 (Yu et al. 2011) , strongly suggests that E2 V F1 has no DNA binding activity.
Although we have not tested DNA binding directly, ectopic expression of E2 V F1 from the constructs containing the E2F1 3'-UTR has no discernable effect on normal cell behavior. We failed to see any changes in the rate of proliferation, viability or susceptibility to genotoxic treatment. However, we did note that REF52 E2vF1 clone 8 cells, which express a high amount of the fusion were more sensitive to trypsinization and freezing conditions. These cells needed to be on a strict passaging schedule to avoid crisis in recovery or slow growth with signs of senescence after passaging. Whether this behavior is due to a slight dominant negative effect of the over-expression of E2VF1 has not been investigated.
Detection of the E2 V F1 fluorescent signal is largely restricted to the nucleus, mirroring the localization of endogenous E2F1 protein (Magae et al. 1996) . The biggest difference between the two reporter versions is that the reporter lacking the 3'UTR expresses a much higher amount of E2 V F1 than the reporter containing the 3'UTR sequence. This differential protein levels, and track well with the tracings obtained for the E2F1 transcriptional and activity reporters (Dong et al. 2014 ) . Of note, we did observe slightly more complex shapes for the activation kinetics tracings of the E2 V F1-3'UTR reporter compared to those from the construct lacking the 3'UTR. However, before more cells are analyzed, we cannot rule out that the observed differences arise from measurement fluctuations inherent to the lower fluorescent intensity of the E2 V F1-3'UTR reporter and/or from intrinsic differences in activation between the different cell types in which the measurements were performed.
Given that the Rb binding site in E2F1 (Helin et al. 1992 ) is preserved in E2 V F1, we wondered whether Rb might impact the behavior or level of E2 V F1 signal during the cell cycle.
At the population level and in unsynchronized cells, the amount of steady-state E2 V F1 protein did not appear to be specifically sensitive to the presence or absence of Rb (data not shown), nor was there a consistent connection between E2 V F1 and Rb protein levels in cells expressing both proteins (Fig. 5) . Similarly, there were no dramatic changes when tracings of the E2 V F1
signal from single cells containing or lacking Rb were compared (Fig. 6 ). The lack of obvious differences in the E2 V F1 trajectories in Rb+ r Rbclones was somewhat surprising given that the Rb-cells grew at higher density, which could have been the result of an accelerated cell cycle progression. However, we found no clear evidence for that, an observation consistent with the lack of overproliferation observed for Rb-cells populating mice chimeric for Rb status (Hanahan and Weinberg 2011 (Fig.   1B ). Retroviral stocks corresponding to the various constructs after transfection into ecotropic and amphotropic packaging cell lines (Plat-E or Plat-A cells respectively (Morita, Kojima, and Kitamura 2000) ). The retroviral stocks were used to infect recipient REF52, WI-38 or hTert-HME E2Fact (clone 1) cells (Dong et al. 2018) . Puromycin (or neomycin when appropriate) was added to transduced cells for selection of a polyclonal population. Single cell clones were isolated by limiting dilution in the case of REF52 and hTert-HME E2Fact polyclonal populations.
Material and Methods
E2F1 protein reporters
Rb Gene editing
The human Rb gene locus was disrupted using the CRISPR-Cas9 system. Three optimized single-guide RNAs sequences (sgRNAs) were selected to target the region surrounding the start codon of human Rb. These sequences were subcloned into the lentiCRISPRv2 vector (Sanjana, Shalem, and Zhang 2014; Shalem et al. 2014 ) and lentiviral stocks were generated to independently infect human mammary epithelial HME E2Fact (clone 1) cells (Dong et al. 2018) . Bleomycin selection was applied and genomic DNA from polyclonal populations was isolated to screen for disruption of the Rb locus using the Surveyor Mutation
Detector kit (IDT). Lack of Rb protein expression in cells targeted by Rb sgRNA (sequence 5'-GCGGTGCCGGGGGTTCCGCGG-3') was further confirmed by immunoblotting, and a single cell clone (clone 0) was isolated from parental HME E2Fact Rb-cells. were cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% BGS.
Cell culture
hTert-HME E2Fact cells expressing the E2F act reporter (Dong et al. 2018) ) were routinely grown in full medium consisting of Mammary Epithelial Medium 171 (Medium 171; Thermo Fisher M171500) containing Mammary Epithelial Growth Supplement (MEGS; Thermo Fisher S0155).
For time-lapse microscopy and measurements of E2 V F1 dynamics, trypsinized cells were plated in p35 Mattek optic plates at 30% confluence and incubated overnight in full medium. To synchronize the cultures in G 0 , the medium was then replaced by 3 ml of Medium 171 lacking any supplement (starvation medium #1). After 24h, the starvation medium 1 was replaced by 3 ml of Medium 171 supplemented with 30 l of full medium (starvation medium #2). Cells were μ further incubated in this medium for 24h, at which point the starvation medium 2 was replaced by 3 ml of full medium and cultures were moved to the Olympus VivaView incubator microscope for live imaging. illumination (300 msec), YFP 25% illumination (1000 msec) (binning 2). For time course fluorescence quantification, images were analyzed in ImageJ and values were determined as previously described (Dong et al. 2014 ) . 
Live cell imaging
Fixed cell imaging
Western blot analysis
Cells of interest were harvested, and protein extracts were obtained after cell lysis in RIPA buffer supplemented with a cocktail of protease inhibitors. Protein concentrations were determined using the Thermo Fisher BCA assay (Pierce). Equal protein amounts were run on (A) Schematics of the E2F1 transcriptional and E2F activity reporters previously published (Dong et al. 2014 (Dong et al. , 2018 Darker grey area: 95% confidence range for fitted curves.
